Ternary titanium aluminides / Neutron scattering / Thermodynamics and ab-initio calculation / Single crystal structure analysis / Powder diffraction structure analysis / X-ray diffraction
Ternary titanium aluminides / Neutron scattering / Thermodynamics and ab-initio calculation / Single crystal structure analysis / Powder diffraction structure analysis / X-ray diffraction
Abstract. Combined refinement of neutron powder, X-ray single crystal and powder diffraction data allows precise evaluation of symmetry and atom site occupation for the MgZn 2 -type Laves phase. For compositions Ti(Ni 1Àx ,Al x ) 2 titanium atoms were found to fully occupy the 4f site, whilst Ni-and Al-atoms randomly share the 2a and 6h sub-lattice sites of space group P6 3 /mmc. At higher Ti-concentrations, Ti-atoms tend to enter the 2a and 6h site. Compositional dependences of the site occupations were used to explain the curved shape of the homogeneity region of the Laves phase. Investigation of the phase relations around the Ti-rich side of the ternary Laves phase was based on LOM, EPMA and X-ray diffraction experiments on argon arc-melted bulk alloys, which were annealed at 1000 C in vacuum-sealed silica capsules for 100 h. The Tirich end of the homogeneity region of the ternary Laves phase at 1000 C was derived from EMPA to be at Ti 0 40 . For the ab initio density functional theory applications a large number of structural models were investigated in order to calculate the concentration dependent heats of formation, structural stabilities, lattice parameters, bulk moduli and site occupancies, which are in good agreement with experiment. The theoretical analysis revealed that there are no Ni--Ni nearest neighbours when the concentra-
Introduction
Titanium aluminides alloyed with nickel are light-weight materials with high specific strength and stiffness envisaged to be used as important engineering materials for static structural components and/or for turbine blades in the low-pressure turbine section of aero-engines. Desired improvements concern the increase in service temperature, the increase of strength at elevated temperature, the increase of room temperature ductility and toughness as well as a thermo-mechanical processing technology (forging and extrusion) as for Ni-base superalloys.
Phase equilibria in the ternary system Ti--Ni--Al have been recently determined [1] [2] [3] and revealed a large homogeneity region for the ternary Laves phase with MgZn 2 -type structure: Ti(Ti y Ni x Al 1ÀxÀy ) 2 . The "boomerang-like" shape of the phase field in the isothermal section at 900 C suggests a complicated atom site exchange mechanism. As precise thermodynamic calculations of phase equilibria require the exact atom site occupation among the various sublattices of the crystal structure of compounds and solution phases, a detailed investigation of the atom distribution in the ternary Laves phase Ti(Ti y Ni x Al 1ÀxÀy ) 2 became the subject of the present investigation. In addition heat of formation data were determined from drop calorimetry as well as from first principles ab-inito ground state energy calculations. 
Experimental details
For combined X-ray and neutron diffraction, alloys with nominal composition Ti 0. 34 29 with a weight of 10 grams each were prepared by argon arc-melting (weight loss less than 0.1%) on a water-cooled copper hearth in Ti-gettered argon from elemental ingots with a minimal purity of 99.9 wt%. A series of smaller alloy specimens (1 g each) were arc-melted to elucidate details in the phase relations at 1000 C concerning the Ti-rich Laves phase. All alloys were sealed in quartz tubes and annealed at 1000 C for 240 h before quenching in cold water. Single crystals were mechanically isolated from crushed as-cast alloys. Inspection on an AXS-GADDS texture goniometer assured high crystal quality, unit cell dimensions and Laue symmetry of the specimens prior to X-ray intensity data collection on a four-circle Nonius Kappa diffractometer equipped with a CCD area detector employing graphite monochromated MoK a radiation (l ¼ 0.071 073 nm). Orientation matrix and unit cell parameters were derived using the program DENZO [4] . No absorption corrections were necessary because of the rather regular crystal shape and small dimensions of the investigated specimens. The structures were solved by direct methods and refined with the SHELXL-97 and SHELXS-97 program [5] .
X-ray powder diffraction data from as-cast and annealed alloys were collected employing a Guinier-Huber image plate system with CuK a 1 (8 < 2q < 100 ). Precise lattice parameters were calculated by least-squares fits to the indexed 4q-values employing Ge as internal standard (a Ge ¼ 0.565 7906 nm). Samples for neutron powder diffraction were powdered to a grain size below 40 mm in order to reduce preferential orientation effects. Neutron diffraction was performed at room temperature on the high-resolution HRPT diffractometer [6] at the SINQ spallation source of the Paul Scherrer Institute, Switzerland, in high intensity mode (Dd=d ! 2 Â 10 À3 Þ with a neutron wavelength l neutron ¼ 0.1494 nm within the angular 2q range from 5 to 165
. Quantitative Rietveld refinement of the X-ray and neutron powder diffraction data was performed with the FULLPROF program [7] , employing internal tables for scattering lengths and atomic form factors (Ti: À0.3438; Ni: 1.0300; Al: 0.3449).
The as cast and annealed samples were polished using standard procedures and were examined for single-phase condition by optical metallography and scanning electron microscopy (SEM). Compositions were determined via Electron Probe Micro-Analyses (EPMA) on a Cambridge stereoscan equipped with a microprobe Oxford model Si(Li)-Tetralink pentafet. A peak from a cobalt-standard was used via a calibration procedure in order to monitor beam current, gain and resolution of the spectrometer. Pure elements were used as standards to carry out the deconvolution of overlapping peaks and background subtraction. Finally the X-ray intensities were corrected for ZAF effects using the INCA-Energy 300 software package [8] . Overall composition of the samples after EPMA agree with the nominal values within 0.5 at%. 40 as well as of pure Ni and Ti were measured using an isoperibolic calorimeter by dropping the solid samples at room temperature (i.e. 298 K) into liquid aluminium at a temperature of 1409 AE 5 K. Experimental techniques and the method of evaluation of the integral enthalpy of formation of liquid dilute alloys (referring to standard temperature (298.15 K)) were described in our previous paper [9] . The value for the enthalpy change upon heating of pure aluminium from room temperature to 1409 AE 5 K (DH 1409 298; Al ) was taken from the SGTE data for pure elements [10] . Note, that this value is required for determination of a calibration factor (heat equivalent) of the calorimeter used as well as for evaluation of standard heat of formation of intermetallics investigated.
Ab-initio calculations were performed using the Vienna ab-initio simulation package (VASP) [11] with the projector augmented wave potential (PAW) construction [12] . For the exchange-correlation functional the generalized gradient approximation (GGA) of Perdew and Wang [13] was applied. Brillouin-zone integrations were performed for suitably large sets of special k points according to Monkhorst and Pack [14] . An overall energy cutoff of 400 eV was chosen. For Ti and Ni the semi-core 3p states were treated as valence states. Optimization of geometrical parameters (atomic position and lattice parameters) was achieved by minimizing forces and total energies. The c/a ratio for the hexagonal phase with MgZn 2 -type (C14) was optimized by a stress tensor technique which simultaneously allows structural relaxations.
Results and discussion
Homogeneity region and crystal structure of the Laves phase 40 . Systematic extinctions (00l) for l ¼ 2n þ 1 and (hhl) for l ¼ 2n þ 1 pointed towards space group P6 3 /mmc as the one with the highest point symmetry, which was further on adopted throughout the evaluation of the crystal structure. X-ray single crystal structure determination via direct methods yielded the occupation of three Wyckoff positions 2a, 4f and 6h with atom parameters suggesting isotypism with the MgZn 2 -type Laves structure. Subsequent refinement in accordance with the given alloy composition, however, resulted in a series of model structures (all in space group P6 3 /mmc) which all yielded rather low residual values ran- Table 1 ). The small differences in R F 2 were at that stage not considered to be decisive to define the true atom site occupation, particularly as in the X-ray refinement a proper random mixture of Ni/Al atoms may constitute a pseudo-titanium atom with identical electron density of 22 electrons per site. In order to elucidate the true atom distribution neutron powder diffraction experiments were performed, exploiting the fact of a negative neutron scattering length for natural titanium atoms.
Refinements of the neutron intensity data (Fig. 1 , Tables 2a and 2b) resulted in a partially ordered atom arrangement for all investigated compositions Ti(Ti y Ni x Al 1ÀxÀy ) 2 : in all cases the titanium atoms were unambiguously located in the 4f positions, whilst Ni/Al share the sites in 2a and 6h at different mixing levels (partial site preference). Attempts to alternatively place the main amount of the Tiatoms in the 2a or 6h sites and to simultaneously fill the 4f site entirely with Ni/Al were ruled out due to high residual values (Fig. 1b) . Combined Rietveld refinements of neutron and X-ray powder diffraction data for Ti-rich Laves phases (Table 2a) unambiguously reveal the remaining Ti-atoms to share 2a and 6h sites with Ni and Al atoms. No deviations from symmetry P6 3 /mmc were encountered. As a significant result, Rietveld refinements leave no room for Al-or Ni-atoms in the Ti-sublattice (4f sites). These findings were finally used as a guideline for X-ray refinement of the single crystal data yielding a correspondingly low R-value thereby confirming the atom arrangement defined by the neutron data. Both, neutron and X-ray intensity data refinements converged to compositions in close agreement to the nominal as well as to the composition obtained from EMPA. Results of the structure determination are listed in Tables 2a and 2b . Finally it shall be noted that the atom site occupations defined by neutron diffraction for both Laves phase compositions investigated by X-ray single 40 , essentially correspond to the models with the lowest R F 2 values obtained from our first results for the X-ray single crystal determination in Table 1 .
The compositional dependences of the lattice parameters of the Laves phase are presented in Fig. 2 and show well developed extrema about 35 at% Al, that are associated with (i) similar extrema in the shape of the homogeneity region of this phase ( Fig. 2c ) and with (ii) compositional changes of the crystallographic parameters ( Figs. 3 and 4) . The observed dependences of the lattice parameters simply explain by the atom site preference in the crystal structure ( Fig. 5 ): at Al-rich compositions the titanium atoms are located only in the 4f site, the 2a site prefers the aluminium atoms, whereas a statistical distribution of the Al and Ni atoms is determined for the 6h site. With decreasing Al content a statistical distribution is encountered for both 2a and 6h sites, but the site preferences exhibit different trends with changing composition. Whilst the distribution of the atoms in the 2a site is more complicated ( Fig. 5a ), practically linear dependences are observed for all three elements located in the 6h site (Fig. 5b) . One observes a significant decrease of the nickel content in the 2a site when Al content changes from 50 to 40 at%. This Al/Ni substitution is responsible for the observed decrease of the lattice parameters ( Fig. 2 ) throughout the compositional range. With further decrease of the Al content the amount of the Ni atoms in the 2a site is almost constant, whereas the Ti atoms start to substitute for aluminium. This trend is associated with an increase of the lattice parameters at the Ti-rich side of the homogeneity region of the Laves phase. Similar considerations are able to explain the "boomerang-like" shape of the homogeneity region of the Laves phase. Compositional dependences of the interatomic distances (Fig. 4) show minima at about 35 at% Al, in good agreement with the change of the lattice parameters (Fig. 2) . The only exception concerns the distance M3--M3 that shows a maximum ( Fig. 4a) and it corresponds to a maximum in the dependence of the atomic coordinates for M3 atoms (the 6h site, Fig. 3 ). It is interesting to note that the substitution mechanism in the Laves phase mainly affects the c-lattice parameter (Fig. 2b ) and the distance M2--M3 (Fig. 4b) . Finally, we have to mention that the Laves phase in the ternary system Ti--Ni--Al is the only truly ternary Laves phase among known Ti--M--Al phase diagrams. No phases with Laves type structure are known for the corresponding binary boundary systems Ti--Ni, Ti--Al and Ni--Al in contrast to many Ti--M--Al systems that often contain ternary solid solutions extending from the binary Laves phases. Therefore, the discussed Laves phase may be considered as stabilization of the hypothetic binary Laves phases TiAl 2 , TiNi 2 and NiAl 2 by a third element. Experimental data collected for the ternary Ti--Ni--Al Laves phase in combination with ab-inito calculation can be extrapolated to these binary compositions in order to estimate their thermodynamic stability. 
Heat of formation data from drop calorimetry
The results from drop calorimetry concerning the enthalpy of formation of liquid dilute binary Ni--Al, Ti--Al alloys and dilute ternary Ti--Ni--Al alloys (all referring to 298. 15 Figs. 7a and 7b, respectively) reveals endothermic effects; (b) the time of dissolution of pure Ti dropped into liquid Al increases practically twice in comparison with the previous drop whilst its exothermic heat effect decreases resulting in a concave character of the integral enthalpy curve (see Fig. 6a ). Upon reaching the liquid-solid phase boundary (about 5 at% Ti at 1409 K) the evaluated enthalpy of dissolution reaches a value close to zero. Probably, the fast decrease of the enthalpy of dissolution of Ti is due to the loss of heat, when the dissolution process becomes enormously long. Therefore, data obtained for Ti can be successfully used for the evaluation of the partial enthalpy of dissolution of Ti in liquid Al at infinite dilution, but already at a concentration in excess of 1 at% Ti, they do not correctly characterise the interaction of dissimilar atoms.
It was found that the obtained integral values could be fitted properly using the following thermodynamically adapted power series:
where A to C are fitting parameters and D corresponds to DH Table 3 .
The results obtained in the present work for the enthalpy of dissolutions of the pure elements can be compared with those from different authors measured at various temperatures . For this purpose, the enthalpy changes upon heating of Ni, Ti (evaluated using database [10] ) were subtracted from the appropriate parameters A (see Table 3 ) in order to refer them to equal standard states.
There are many reports dealing with the dissolution of nickel in liquid aluminium [15-20, 22, 23, 26, 27, 31-33] . All measurements were performed by calorimetry. The obtained data agree within about AE5%, which is close to the experimental error limit of high temperature drop calorimetry. It was found that all experimental results could be fitted by the following exponential growth equation: Several papers deal with the dissolution of titanium in liquid aluminium by calorimetry [24, [26] [27] [28] [29] . The data of Batalin et al. [29] obtained at 1773 K differ strongly from values [27, 28] and lead to an enormously strong temperature dependence of the dissolution enthalpy. Thus values of [29] were not taken into consideration. The data were fitted versus temperature in the given temperature range as:
The enthalpies of formation of the intermetallic com- from Table 3 as: The standard error (2s) of the enthalpy of formation of the intermetallics was evaluated as:
where E i and E COMP denote the 2s error for the D diss H H The results of evaluation are summarized in Table 4 . For convenience comparison is made between the enthalpy of formation of NiAl according to [39] Fig. 8 ) on basis of the X-ray single crystal and neutron powder diffraction data on lattice parameters and atom positions. It is prohibitive to simulate precisely the experimental compositions because very large supercells and vast ab-initio calculation time would be needed. We built supercells (2a, 2b, 2c) with 96 atoms as close as possible to the four experimentally investigated compositions (see open squares in Fig. 8 (Ti 4 ) are investigated. In the MgZn 2 -type unit cell the Wyckoff superscripts indicate the positions in the ordered phase, and N i (i ¼ 1, 2, 3, 4, 5, 6) labels the atoms. In the MgZn 2 -type unit cell the six atoms (N3 þ N4 ¼ 3, N5 þ N6 ¼ 3) at 6h sites are situated in two "6h" planes (plane one: Al N3 Ni N4 , plane two: Al N5 Ni N6 ), which are identified by the compact expression 6h (Al N3 Ni N4 ,Al N5 Ni N6 ). According to the symmetry of the MgZn 2 -type structure, inequivalent arrangements (or decorations) of the atomic sites occur for each composition. In fact, it is much more complex to look for the appropriate decorations in Ti-rich compositions than for the (Ni,Al)-rich compound due to the fact that Ti atoms not only fully occupy the 4f sites but also possibly occupy the 2a or 6h sites.
Because each of these decorations implies different interplanar and intraplanar atomic interactions, it is necessary to calculate the total energy of each of these to determine the structure to optimize the positions and shapes. For Ti x Ni y Al z , the enthalpies of formation are then derived Table 2 ) because the Ni atom prefers to occupy the 6h sites firstly. However, when the concentration of Ni exceeds that of Al, Ni atom now must occupy a Ni--Ni nearest neighbor position (decorations 11, 12, and 13).
Optimized lattice parameters are shown in Table 5 for the compositions Ti 1/3 (Ni 2/3Àx/3 Al x/3 ). The calculated enthalpies of formation of the most stable decorations for each concentration and their respective equilibrium volumes are compiled in Fig. 9 which shows that with increasing Al content the equilibrium volumes increase in an almost linear way. The most stable case is decoration 11 with composition Ti 1/3 Ni 1/3 Al 1/3 . From Fig. 9 Table 5 . Models, calculated enthalpies of formation (DH, kJ (mol of atoms) À1 ), and lattice parameter (nm) for site perfectly occupied pseudobinary MgZn 2 -type (C14) Laves-phase compounds Ti 1/3 (Al,Ni) 2/3 corresponding to these compounds denoted by the Line 1 in Fig. 8 . . Table 6 lists these values together with the interpolated results, which are more stable by about 2 kJ (mole of atoms) À1 mainly due to the effect of the structural relaxation. Comparing to the experimental results, the interpolated values are closer to the more negative experimental data (DH 0 ¼ À57.9 AE 3.5 for x Al ¼ 0.48; DH 0 ¼ À61.6 AE 3.3 for x Al ¼ 0.40 kJ (mol of atoms) À1 ). The significant deviations about 6.6 and 9.4 kJ (mol of atoms) À1 may be attributed to temperature effect: our calculations refer to T ¼ 0 K whereas the experiments refer to 298 K. Furthermore, with our chosen cells we could not exactly model the phases with the experimental compositions. However, for the stoichiometric compounds our ab-initio approach usually obtains very good agreement to experiments, e.g., for NiAl (CsCl-type, B2) we derived the value for the enthalpy of formation of À64.2 kJ (mole of atoms)
À1
, in very good agreement with the latest experimental value of À66.1 AE 1.3 kJ (mole of atoms)
À1 [39] as well as the latest ab-initio data of À63.4 kJ (mole of atoms)
À1 [41] . We also refer to the discussion of boundary phases made previously. Finally, our ab inito approach was also successful for a variety of Laves phase compounds [9, [61] [62] [63] . Ti-rich ternary Laves phase compounds are investigated according to Line 2 shown in Fig. 8 . By the calculations, we derived the enthalpies of formation and lattice parameters for each possible decoration given in Table 5 ).
The enthalpies of formation and equilibrium volume for the most stable decorations for each concentration are compiled in Fig. 11 from which one sees that the equilibrium volume decreases with decreasing Ti content from Ni 1/3 Ti 2/3 to Ni 1/3 Ti 1/3 Al 1/3 . Furthermore, the compositional dependences of the calculated lattice parameters (a, c) are presented in Fig. 12 Table 2b ): 2a and 6h sites are shared by all three types of atoms Al, Ni, and Ti. This situation is not modeled by our suprecells. However, by a weighted average of enthalpies of formation according to Table 6 . At present, for the two experimental compositions no measured enthalpies of formation are available.
The dependence of the calculated lattice parameters at fixed 33.3 at% Al (decorations 1 and 21 from Table 8 , and decoration 11 from Table 5 Table 2b . 
Conclusion
This investigation combines experimental techniques and ab-initio calculations to elucidate the structural and thermodynamic properties for the truly ternary Laves phase Ti(Ti y Ni x Al 1ÀxÀy ) 2 of MgZn 2 -type. The Ti-rich end of the homogeneity region of the Laves phase at 1000 C was evaluated from EMPA to be at Ti 0.463 Ni 0.273 Al 0.264 confirming the "boomerang"-shaped phase region changing from constant Ti-content (33.3 at%) to constant Ni-content (27 at% Ni). Refinement of neutron powder, X-ray single crystal and powder diffraction data defined the precise atom occupation and site preference: Ti atoms fully occupy the 4f site, whilst Niand Al-atoms randomly share the 2a and 6h sub-lattice sites of space group P6 3 /mmc. At Ti-concentrations higher than 33.3 at%, Ti-atoms enter the 2a and 6h site. The compositional dependences of the site occupations explain the curved shape of the homogeneity region and are reflected in the variation of the unit cell dimensions with concentration. Heat of formation data from adiabatic drop calorimetry were D 298 H 0 ¼ À57. 40 . For the ab-initio density functional theory calculations a large number of models were investigated in order to simulate the ternary Laves compounds with the experimental compositions. The calculated concentration dependent heats of formation, structural stabilities, lattice parameters and site occupancies are in good agreement with the experimental findings.
